Structural monitoring requires instruments which can provide high precision and accuracy, reliable measurements at good temporal resolution and rapid processing speeds. Long-term campaigns and flexible structures are regarded as two of the most challenging subjects in monitoring engineering structures. Long-term monitoring in civil engineering is generally considered to be labourintensive and financially expensive and it can take significant effort to arrange the necessary human resources, transportation and equipment maintenance. When dealing with flexible structure monitoring, it is of paramount importance that any monitoring equipment used is able to carry out rapid sampling. Low cost, automated, photogrammetric techniques therefore have the potential to become routinely viable for monitoring non-rigid structures.
INTRODUCTION
With the development of engineering techniques, designs of constructions have become increasingly complex (Glisic et al., 2007) . How to comprehensively estimate a structural state and detect deformation using more effective and economic methods has become one of the most concerning issues for engineers in recent times (Kim et al., 2006) . Measurements using GPS network, total station and terrestrial laser scanner, etc. have therefore been widely applied for structural health monitoring purposes. These instruments can provide accurate measurements from millimetre to micrometre levels and most of these instruments are largely operated automatically (González-Aguilera et al., 2009; Lin et al., 2008; Psimoulis and Stiros, 2007) . However, when dealing with a long-term monitoring task, measurements based on these instruments may not be suitable for long period, in-situ applications due to the price issue, maintenance and the risk of theft or damage.
Photogrammetry is a non-contact measurement technique which utilises images to make accurate 3D measurements of complex objects (Luhmann, 2007) . With fast sampling, wide coverage, photogrammetry is therefore likely to become one of the most important methods for flexible structural monitoring in engineering (Maas, 2006) ; combined with remote control techniques and the use of small volume and inexpensive imaging devices, a photogrammetric monitoring system can be placed in test fields for long-term monitoring purposes..
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This research aims to develop a photogrammetric monitoring system which meets the following criteria:
• suitable for application to various types of structures;
• the ability to deal with long-term monitoring tasks;
• allows users to remotely control the monitoring system;
• fully automated operational processing;
• a cost-effective monitoring solution.
In this research, programmable mobile phones (also known as smartphones) were used to replace the conventional imaging instruments more usually adopted in general photogrammetric applications. Although the functionality of a smartphone can be significantly expanded by installing different types of application software (an app), there are no 'apps' currently available for structural monitoring or photogrammetric purposes. The main core of the low-cost, mobile phone-based monitoring system developed here is a self-programmed integrated software package. This software allows the operator to remotely control multiple mobile phones in order to conduct long-term monitoring tasks remotely instead of operating those instruments directly in the test field. Most of the embedded operations have been designed to automate processing, thus minimising human interaction and effort. Several tests have been undertaken to estimate the performance of this low-cost monitoring system.
In this experiment, a shaking table was used as a test object to simulate a flexible structure. This experiment lasted for four days; during which time, four mobile phone camera stations were used to simultaneously capture imagery that could be used to examine the performance and remote control capabilities of the system. Compared with mobile phone built-in cameras, DSLR cameras have a better image sensor quality, resolution, lens resolving power, etc. and these features may affect the accuracy of photogrammetric measurements significantly (Akca and Gruen, 2009) . In addition to the use of mobile phone cameras, four DSLR cameras were therefore also applied to provide a benchmark for comparison.
CHARACTERISTIC OF EXPERIMENTAL INSTRUMENTS

Software development
The mobile phone software development performed in this research was based on the Google Android OS 2.2 platform due to the following reasons:
• It allows users to implement multitasking;
• It supports the Java programming language which is a high interoperability programming language adapted for each OS;
• The source code and software development kit are free and open source.
At the time of carrying out this research, the Google Android OS is the most appropriate mobile platform to develop the software package for this experiment, as it provides a relatively open system for developers. However, this may change in future with the continued evolution of mobile phone technology.
Experimental software
The aim of this research was to design a low-cost, straightforward monitoring system. In order to achieve this goal, the integration of commercial off-the-shelf components (hardware and software) was essential. Meanwhile, the use of unique instruments must be avoided. As the instruments applied in this research were not customised for structural monitoring purposes, the integration of the various system components became the biggest challenge. A self-programmed software package was developed in order to control the mobile phone devices remotely. This software package was programmed using Java Platform, Enterprise Edition (Java EE) 6. The software was divided into three parts; a control platform which can be run from a PC or laptop interface; the other two were designed to install into mobile phone operating system (OS) to be responsible for dealing with commands which were sent from a terminal controller (a laptop or a PC). By installing the software into a mobile phone, the mobile phone can be treated as an automated, in-situ photogrammetric workstation; multiple tasks can be performed at the same time, such as receiving commands from a terminal computer, adjusting the photographic parameters, capturing a sequence of photographs, and saving previous image data, etc. Another module under development aims to provide a portable measurement function, allowing an operator to implement basic photogrammetric surveying in the test field by using one single mobile phone.
The photogrammetric processing software used in this research was PhotoModeler Scanner Version 6. This is commercial, offthe-shelf software. According to the user manual, PhotoModeler claims that when using a high quality digital camera, accuracies of 1: 30,000 can be achieved (Kim et al., 2006) . Previous research has validated PhotoModeler against another photogrammetric software package, The Vision Metrology System (VMS) (Wang et al., 2010) , confirming that this commercial software is capable of meeting the demands of this project. Given its relatively low cost and user-friendly graphical user interface (GUI), PhotoModeler has become a popular choice for reverse engineering and many other engineering applications (Young and Garde, 2007) .
METHODOLOGY
System integration
In laboratory testing, a shaking table experiment was undertaken to simulate a flexible structure for monitoring purposes. This shaking table (1.4 m x 1.4 m x 0.1 m) was driven by the Instron® 3520 series hydraulic power units. The movements of this shaking table were directly recorded by a personal computer (Instron, 2011) . Four DSLR cameras were configured to provide coverage of the shaking table, and their shutters were controlled with cable releases. The cable releases were connected to the same PC that controls the shaking table.
The PC controls the photographic parameters (for example, shutter speed, camera ISO and exposure interval etc.) of the four DSLR cameras as well as the amplitude and frequency of the shaking table. The time lag of exposures from each DSLR camera can be recorded to the PC, the average time lag between the individual DSLR exposures being less than 5 microseconds. The PC was also connected to a laptop by means of a switch box. The laptop was used to remotely control four mobile phone cameras via the in-house software. This software programme can adjust the mobile phone cameras' photographic parameters via a 3G or a Wi-Fi network. Through the switch box, the PC can also be synchronized with the laptop via this software. Specifically, the information (shutter speed, exposure epoch and exposure interval etc.) of the four mobile phone cameras can be sent back to the PC from the laptop, then can be combined with the data from the shaking table and the DSLR cameras to carry out a comprehensive comparison.
The four mobile phones used were HTC Incredible S / 8-megapixel with a built-in 4.57 mm f2.4 lens. The four DSLR cameras that were used to create a photogrammetric benchmark for comparison were Canon 50D / 15-megapixel with nominal 28 mm f2.8 lens (see Table 1 ). As this software was designed for long-term monitoring purposes, the state of each mobile device is automatically monitored by the computer to ensure each camera station is functioning correctly.
Arrangement of test site
During a four-day experiment, eight imaging stations (including four DSLR cameras and four mobile phone cameras) were arranged in two different locations to provide convergent coverage of the shaking table, and to evaluate the effect of different network configuration on photogrammetric precision. The network geometry configuration is illustrated in Figure 2 and shown in Figure 3 . The test was performed over a duration of four days. On the first day, the camera stations were arranged relatively close to the shaking table, with H at approximately 2.5 m; whilst the value of B was 1.8 m (b was 0.6 m). This configuration was unaltered for day 2 and day 3. On the fourth day, the values of both H and B were increased to 3.0 m in both cases, with camera convergence altered accordingly. 
Mobile phone synchronization
In order to ensure that the mobile phone cameras were triggered simultaneously, a high accuracy of synchronization was essential. To achieve this, all mobile phones were calibrated with respect to an established benchmark. The NTP (Network Time Protocol) is a TCP/IP protocol for synchronising time over a network. A client can request the current time from a local server, and uses the up-to-date information from NTP to set its own clock (Mills, 1991) . In this research, NTP was chosen as a benchmark due to its high precision (within 10 milliseconds over the public internet and 0.2 milliseconds precision in a local area network (Mills, 2006) ). A program was developed and applied to the mobile phones in order to refresh their internal clocks by updating the information from the NTP server every five minutes.
Image acquisition procedure
The frequency of exposure of the DSLR cameras was set to 10 seconds. The state of each camera was monitored by a computer. After every exposure, an electronic pulse was sent back to the terminal computer from each DSLR camera. The computer checked this information automatically to ensure all cameras were firing simultaneously. The frequency of exposure for the mobile phones was three times slower (30 seconds per frame) due to their slower memory buffer. During the test, the multiple DSLR camera stations were launched first, and the time of exposures were sent back to the PC. Then, this information was transferred to the laptop via a switch box. In accordance with the exposure epochs of the DSLR cameras, the self-programmed software synchronized the mobile phone stations via WLAN, sending a script which included the frequency of exposure and the start time for the first exposure (corresponding to the DSLR camera stations). Following this, the mobile phone cameras fired at the 30 second frequency until the operator pressed the stop button.
System stability
The shaking table test lasted for four days. On the first and the last days the flexible structure monitoring experiment was performed. The DSLR camera stations and the mobile phone stations were continuously capturing images of the moving table during the period of the experiment, at the frequencies detailed in the previous section. The DSLR camera stations were turned off when the shaking table was stopped. However, the four mobile phone cameras continued capturing images during the middle two days in order to test the stability of this low-cost system for long-term applications. Over the middle days, the four mobile phones were still monitored by the self-programmed software which was installed on the laptop. The system automatically rebooted all mobile phone stations and reassigned new tasks to each station if the software detected that any one of the mobile phones suffered a malfunction or had become unresponsive.
Validation of photogrammetric measurements
Photogrammetry is a non-contact measurement technique, the deformation of target structure can be calculated by analysing the movement of targets that were attached onto the structure's surface in advance (Luhmann, 2007) . The use of light sensitive reflection targets, high definition target shapes, and good configuration of targets and imaging stations, etc. can improve the photogrammetric results significantly (Ganci and Clement, 2000) . The target issue was examined in this experiment using different sizes of targets and two different configurations of imaging station layout.
The photogrammetric targets were made of two layers of selfadhesive vinyl sheets (Figure 4 ). These used a series of coded targets provided by commercial photogrammetric software, PhotoModeler Scanner Version 6 (herein subsequently referred to as PhotoModeler). Four different sized targets were applied to estimate the effect on the accuracy. The largest target size (the diameter of the central dot) was 16 mm whilst the other three sizes were 12 mm, 9 mm and 4 mm, respectively. These targets were evenly distributed across the shaking table surface with the configuration of coded targets as shown in Figure 5 . Twentynine of forty-four targets were attached onto the platform facade; the other fifteen targets were placed on a flexible structure (0.3 m x 0.3 m x 0.7 m) with the bottom being fixed onto the shaking table platform. Furthermore, there were nine extra coded targets arranged on the static external framework to provide stable results to compare with the dynamic targets that were arranged on the shaking table.
To facilitate rigorous evaluation of the system performance, a physical measurement was used as a benchmark to compare with the photogrammetric results. The thirty-eight targets that were attached onto solid parts of the shaking table (twenty-nine targets on the platform surface and nine targets on the external framework) were measured in three dimensions by a Leica total station (TCRP 1201 which has an angle measurement precision of 1") using spatial intersection. Ten point-to-point distances ( Figure 5 ) were then calculated based on the coordinate data and used as a physical comparison to the photogrammetric data. The endpoints of these measurements included different target sizes in order to estimate their relative precisions. The two endpoints of the scaling distance shown in Figure 5 used 9 mm coded targets. The orange measurements used 4 mm targets as endpoints, whilst the green measurements used 16 mm targets. The blue lines represented measurements with 9 mm target endpoints and the single pink line in the middle of the platform used 12 mm coded targets as endpoints. The validation of the photogrammetric measurements was made by comparing these physical measurements with the photogrammetric results.
Deviations from the physical measurements were calculated for statistical analysis. 
RESULTS
Automated system recovery
During the two days of the stability tasking (no movement), each mobile phone station should have generated at least 576 photographs (in this static object sampling period, the frame rate was downgraded from 30 seconds / per frame to 5 minutes / per frame). However, the number of photographs actually produced from each station was less than 576 due to individual system crashes. Table 2 shows the total number of images produced by each mobile phone station and also details the number of times the system crashed.
Station 1 Station 2 Station 3 Station 4 Total images (frames)
563 563 563 563 Numbers of crash 3 4 4 2 Table 2 : Details of mobile camera image station frame capture over the stability monitoring period.
According to the information in Table 2 , the four mobile phone cameras captured the same quantity of images which means that the four cameras had the same number of shutter actuations. Each camera captured 563 images and the photographs from each camera were automatically sorted to 563 folders by the self-programmed software. Each folder included 4 photographs from four different cameras for the same exposure epoch. The EXIF (Exchangeable Image File Format) data of each picture was then exported and the exposure epochs were checked. After careful inspection, it was determined that all photographs in the same folders had exactly the same exposure epoch.
Comparison of photogrammetric results and physical measurements
In this section, the precision of the monitoring system was comprehensively evaluated. Table 3 shows diameters corresponding to different target sizes on the photographs. PhotoModeler recommends that centre target widths in the photos be at least 8-10 pixels wide (Kim et al., 2006) . The results in Table 3 indicate that 9 mm and 4 mm targets may not have been big enough when the object distance was increased from 2.5 m to 3.0 m. Following Foss (2008) , the minimum target size using PhotoModeler software can be determined as follow:
Min. target centre dot diameter = (10 x fw x D) / (f x pw) (1) Where f is the focal length, fw is the format width of the camera, D is the distance between the farthest target and a camera position, and pw is the number of pixels in the width of the image. Table 4 details the recommended minimum target size (centre dot diameter) following Equation (1). The results are largely a function of the object distance, and when compared to the outcomes in Table 3 , it is evident that the 4 mm and 9 mm targets may not be suitable for application when the camera to object distance is 3.0 m. Table 5 shows the standard deviations of the x, y and z coordinates from the different configurations. In terms of the DSLR cameras, the best results are achieved through the use of the 4 mm target with the 2.5 m object distances. However, for the mobile phone camera station the best configuration was obtained through the 3.0 m object distance combined with 9 mm targets.
DSLR Camera
Compared with a DSLR camera, the focal length and image format of a mobile phone camera is much smaller, and these factors lead to the requirement for a larger target size. When the object distance was increased from 2.5 m to 3.0 m, the use of 4 mm targets for the mobile phone-based imaging stations was found to be too small. Therefore, the photogrammetric software cannot automatically detect these 4 mm targets. This automatic process was replaced by manual selection and this substitution affected the precision. This may be the reason why the use of 4 mm targets has a lower precision in distance measurements than 9 mm targets. Targets on the shaking table were divided into two different types. As Figure 5 illustrated, twenty-nine with 4 different size targets were attached onto the rigid platform and eleven of the twenty-nine targets on the platform used 9 mm targets. In addition, twelve 9 mm targets were arranged onto the non-fixed structure. Table 6 shows the comparison of these 9 mm targets. Although the results on two different structure conditions and two test field configurations have a few microns difference, these results are at the same level and are similar to the results shown in Table 5 . The conclusion indicates that if the shutter speed is fast enough to freeze the structural deformation (i.e. the image is clear and sharp), the structure can be analysed as a still object. The structural movement therefore should not significantly reduce the measurement precision.
As mentioned above, there are nine sections that have been marked in Figure 5 . The lengths of these sections were calculated using the photogrammetric results and the physical measurements individually. The mean of the physical measurement-based result was taken as a conventional true value and was used to compare the photogrammetric results to calculate a RMSE. Under two different test field configurations, the 9 mm target has generated the optimal precision among the four different target sizes. The optimum performance occurred under the 3.0 m object distance configuration with 9 mm targets. In order to provide an indication idea of the precision of this mobile phone-based monitoring system, the RMSE for the 9 mm results (Table 7) can be divided by the longest physical measurement among the nine utilised sections (753.342 mm). This returns a precision of approximately 1:25,000. The results in Table 5 also indicate that the use of oversized targets will not increase the overall precision. Instead, reduced precisions are obtained.
CONCLUSIONS AND FUTURE WORK
The results in Table 2 indicated that this system is capable of handling a long-term, continuous monitoring project. Although individual image station crashes occurred, the automatic recovery function was able to re-start the image capture with only minor interruptions. And this automated recovery function can significantly improve the reliability for long-term monitoring purposes. Final results show that under good lighting conditions, with proper camera calibration, strong network configuration and the use of optimum target sizes, this low-cost, mobile phone-based monitoring system is capable of dealing with long-term, monitoring applications with a precision of approximately 1:25,000.
The on-going improvements to this system are focussing on software developments for enhancing the surveying functionality of mobile phone devices. The concept of this scheme aims to develop a new software application to allow civil engineers to perform basic photogrammetric processing using a single mobile phone (i.e. the mobile phone will be used to capture an image and then start to run procedures such as image processing, target detection, coordinate calculation etc.). Currently, a prototype has been developed. This software can generate good results, if targets are arranged onto a surface and provide a good contrast with the background. Different algorithms are being applied to improve the recognition rate. Also the minimization of system loading is another major concern. With the continued development of mobile phone hardware, and the ever improving quality of built-in cameras, better processing speeds and identification accuracy can be expected in the future.
